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Abstract (234)

Mild endurance exercise training positively affects limb skeletal muscle in the mdx mice
model of Duchenne Muscular Dystrophy (DMD). However, few and controversial data
are available on the effects of mild exercise training on the diaphragm of mdx mice. The
diaphragm was examined in mdx (C57BL/10ScSn-Dmdmdx) mice, and in wild type
(WT, C57BL/10ScSc) mice either under sedentary conditions (mdx-SD, WT-SD) or
during mild exercise training (mdx-EX, WT-EX). At baseline, and after 30 and 45 days
of training (5 d/wk for 6 weeks), diaphragm muscle morphology and Cx39 protein were
assessed. In addition, tissue levels of the chaperonin Hsp60 were measured at the same
time points in gastrocnemius, quadriceps and diaphragm in each experimental group.
Although morphological analysis showed unchanged total area of necrosis/regeneration
in the diaphragm after training, there was a trend for regeneration areas to be larger than
necrosis areas in the diaphragm of mdx-EX as compared to mdx-SD mice. However, the
levels of Cx39 protein, a marker associated with active degeneration-regeneration
process in damaged muscle were similar in the diaphragm of mdx-EX and mdx-SD
mice. The diaphragm, but not limb muscles, of both trained and sedentary mdx mice
showed decreased Hsp60 expression at 45 days, suggesting exhaustion of potentially
protective mechanisms in the diaphragm similar to previous findings in lung epithelium.
Compared to the positive effects of exercise training previously observed in limb

skeletal muscles, the diaphragm showed little change after training.
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Introduction

Duchenne muscular dystrophy (DMD) is a X-linked muscle disease affecting 1:3500
newborn boys (Van Putten et al., 2012), and characterized by a defect in the sub-
sarcolemmal protein dystrophin which leads to membrane fragility, muscle necrosis,
motor weakness, myofiber death and replacement of skeletal muscle by fibrous and
fatty connective tissue (Matthews et al., 1995). In the course of DMD, chronic
respiratory insufficiency inevitably develops due to primary loss of inspiratory and
expiratory muscle strength (Biggar, 2006).

In the last decade, new strategies have been explored in order to reduce the muscle
wasting associated to Duchenne Muscular Dystrophy (DMD). Besides the replacement
of functional dystrophin by cell transplantation, and genetic or molecular interventions
(Odom et al., 2007; Farini et al., 2009), or recently developed pharmaceutical agents
that might slow muscle loss (Bengtsson et al., 2016; De Arcangelis et al., 2016), low-
intensity exercise training has been proposed in DMD patients to slow the progression
of muscle damage (Grange and Call, 2007).

Similar to human DMD, the mdx mouse lacks dystrophin leading to cycles of muscle
degeneration and regeneration (Radley-Crabb et al., 2014), and can be used to assess the
effects of training on dystrophic muscle (Grounds et al., 2008). We recently reported
that inflammatory-necrotic areas in both gastrocnemius and quadriceps muscles of mdx
mice significantly decreased following low-intensity endurance exercise training for 6
weeks (Frinchi et al., 2014). In more detail, significant recovery of damaged skeletal
muscle was observed (Belluardo et al., 2005; Frinchi et al., 2014), and reduced cell
degeneration in mdx muscles was associated with modulation of proteins involved in

oxidative stress defense (Fontana et al., 2015). The majority of studies on the effects of
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low-intensity or voluntary exercise reported protective effects of training on skeletal
muscles of mdx mice (Baltgalvis et al., 2012; Call et al., 2010; Frinchi et al. 2014;
Gordon et al., 2014; Hayes and Williams, 1996) (Table 1).

In the diaphragm, degenerative changes similar to those of human DMD where shown
in sedentary mdx mice (Petrof et al., 1993; Stedman et al., 1991). Few studies have
examined the effects of exercise training on the diaphragm, reporting variable and
mostly negative results (Dupont-Versteegden et al., 1994; Selsby et al., 2013) (Table 1).
Aim of this study was to assess the effects of low-intensity endurance exercise training
on the diaphragm of mdx mice. In the diaphragm of sedentary and low-intensity
endurance exercise trained mdx mice, we studied histopathology and the expression of
connexin39 (Cx39), a specific gene involved in skeletal muscle regeneration and
considered as a quantitative marker of muscle regeneration [Belluardo et al., 2005;
Frinchi et al., 2014]. Moreover, we assessed the role of the chaperonin Hsp60, a
mitochondrial molecule essential for cell metabolism and survival, in both limb and

diaphragm muscles during mild aerobic training in mdx and control mice.

Materials and methods

Animals and animal care

The present study was performed using the diaphragm samples of mice used in our
previous work on limb skeletal muscles (Frinchi et al., 2014). Therefore, muscle
samples used in the present study were obtained from the following experimental
groups: 8 week-old male mdx mice (C57BL/10ScSn-Dmdmdx/J Jackson Laboratories),

and C57/BL wild type (WT) mice (C57BL/10ScSn, Harlan, Italy) were randomly
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assigned to sedentary (SD) (MDX-SD n=17; WT- SD n=19) or trained (EX) (MDX-EX
n=14; WT-EX n=16) groups.

Animals were trained using a motorized rotating treadmill (Rota-Rod; Ugo Basile,
Biological Research Apparatus, Comerio Varese, Italy), in a protected environment and
in the same room where the mice were housed (Frinchi et al.,, 2014). Mice ran 5
days/week for 4 weeks at progressively increasing loads (Table 2) (Barone et al., 2013).
Trained and sedentary WT and mdx mice were sacrificed by an overdose of chloral
hydrate anesthesia at time 0, 30 and 45 days. Procedures involving animals and their
care were conducted in conformity with the Italian institutional guidelines (D.L. 116,

G.U., suppl. 40, February 18, 1992).

Histological examination

The diaphragm muscle was excised under stereomicroscopy, covered with OCT and
frozen in isopentane precooled in liquid nitrogen, and stored at —80°C until use.
Diaphragm sections (10 um) were cut at —20°C and thawed onto 3-aminopropyl-
ethoxysilane-coated slides. From each muscle, 10 sections were collected by
systematically sampling every 5 sections. Frozen muscle sections were directly fixed in
4% paraformaldehyde and stained with hematoxylin-eosin and then dehydrated with
ethanol and xylene, mounted with Entellan (Merck, Darmstadt, Germany), examined by
stereomicroscope (Leica Microsystems Imaging solutions Ltd, Cambridge, UK) and
acquired by digital camera (Leica, DFC Camera). Necrosis/regeneration areas in the
muscle section were identified as areas of increased inflammatory infiltration and
centrally nucleated fibers, respectively, and measured by Image] software (Rasband,

W.S., Image], U.S. National Institutes of Health, Bethesda, Maryland, USA,

John Wiley & Sons, Inc.
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http://imagej.nih.gov/ij/, 1997-2014). For each muscle section, the total area of muscle

section was measured in mm?. All counts were carried out in a double blind manner.

Western Blotting Analysis

To assess and quantify the recovery of damaged diaphragm muscle in mdx mice the
Cx39 protein was used as a marker of active necrosis-regeneration process (Frinchi et
al., 2014). Hsp60 protein levels was performed on diaphragm, gastrocnemius and
quadriceps muscles. The muscles were rapidly dissected and frozen in precooled
isopenthane. Half of each sample was homogenized in cold buffer containing 50 mM
Tris—HCI1 pH 7.4, 150 mM NaCl, 1% triton, 0.5% SDS, H,O and protease inhibitor
cocktail (P8340, Sigma-Aldrich S.r.l., Milan, Italy). The homogenate was left on ice for
30 min and then centrifuged at 13,000 rpm for 30 min at 4 °C. The supernatants were
stored at -80°C and aliquots were taken for protein determination (Lowry et al., 1951).
The samples with 30 pg of protein and mol.wt. markers (161-0375, Bio-Rad
Laboratories S.r.l., Segrate, Milan, Italy), were run on 8% and/or 12% polyacrylamide
gel at 100 V and electrophoretically transferred onto nitrocellulose membrane (Hybond-
C-extra, GE Healthcare, formerly Amersham, Europe GmbH —Milan, Italy). Following
1 h of incubation in blocking buffer (1x TBS, 0.1% Tween-20, 5% w/v nonfat dry milk)
the membrane was incubated with gentle shaking overnight at +4°C in the same buffer
with rabbit anti-Cx39 affinity purified antibodies (1:1000) (SC104847, M-13 Santa
Cruz Biotechnology), mouse monoclonal antibody anti-Hsp60 (1:5000) (ab13532,
Abcam), or rabbit polyclonal antibody anti-glyceraldehyde-3-phosphate dehydrogenase
(GAPDH, 1:5000) (ADI905784, Enzo Life Sciences). After washing, the membrane

was incubated for 1 h at room temperature with anti-rabbit IgG horseradish peroxidase-
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conjugated diluted 1:8000 (Sc 2004, Santa Cruz Biotechnology), or anti-mouse HRP-
conjugated secondary antibody diluited 1:5000 (NA931, Amersham Biosciences) and
band was visualized by chemiluminescence (ECL, GE Healthcare, Amersham). The blot
was exposed to autoradiography film (Amersham Hyperfilm ECL; 28-9068-36),
developed in Kodak D19 developer and fixer, and the densitometric evaluation of bands
was performed by measuring the optical density (O.D.) using NIH Imagel software.

Results were expressed as arbitrary units.

Statistical analyses

Data are expressed as mean + SD and unpaired t-test or one-way ANOVA followed by
a Bonferroni post-hoc test for multiple comparisons were used as appropriate analysis.
All statistical analyses were performed using the GraphPad PrismTM 4.0 program
(GraphPad Software Inc., San Diego, California, USA) or Statview 5.0 for Windows.

The level of statistical significance was set at p<0.05.

Results

Histopathology of diaphragm and quantification of diaphragm injury

The effects of low-intensity endurance exercise on pathology progression in the
diaphragm of mdx mice were assessed at 30 and 45 days from training, similar to the
previous study on gastrocnemius and quadriceps muscles of mdx mice by our group
(Frinchi et al., 2014). No inflammatory-necrotic areas or regeneration areas were
observed in the diaphragm of WT mice, irrespective of training (Fig. 1A). In the
diaphragm of mdx mice, the total area of necrosis-regeneration did not show any

significant difference between SD and EX mice (Fig. 1B and C). However, when the
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inflammatory-necrotic and regeneration areas were separately evaluated in the context
of the same total areas, mdx-EX mice showed a large area of active regeneration,
identified by centrally nucleated cells with large cytoplasm, and a very small area of
necrosis (Fig. 1C). Conversely, mdx-SD mice showed a large area of necrosis and a
small area of regeneration (Fig. 1C) at both 30 and 45 days.

To assess and quantify the recovery of damaged muscle in mdx mice the Cx39 protein
levels were used as a marker of active necrosis-regeneration process (Frinchi et al.,
2014). Analysis of Cx39 protein showed undetectable levels of Cx39 levels in WT mice
irrespective of training (Fig.1D). As expected Cx39 was found up-regulated in mdx-SD
mice, reflecting active muscle necrosis-regenerating processes, and the comparative
analysis of Cx39 protein levels at either 30 or 45 days of training showed nonsignificant
difference between mdx-SD and mdx-EX mice (Fig. 1D). Therefore, training did not
affect the Cx39 levels in the diaphragm of mdx mice in contrast with the decreased
Cx39 levels found in the gastrocnemius and quadriceps muscles of trained mdx mice, in

our previous work (Frinchi et al., 2014).

Hsp60 protein levels

Lysates of diaphragm, gastrocnemius and quadriceps muscles were analysed by western
blotting analysis in all experimental groups. No differences were found among groups at
0, 30 and 45 days (Fig. 2). However, Hsp60 levels in the diaphragm muscle were
significantly lower at 45 days in mdx than WT mice, irrespective of trained or sedentary

status (p<0.05).

John Wiley & Sons, Inc.
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Discussion

The aim of this study was to assess the response of the diaphragm to low-
intensity endurance training. Although morphological analysis showed unchanged total
area of necrosis/regeneration in the diaphragm after training, there was a trend for
regeneration areas to be larger than necrosis areas in the diaphragm of mdx-EX as
compared to mdx-SD mice. However, the levels of Cx39 protein, a marker associated
with active degeneration-regeneration process in damaged muscle (Frinchi et al., 2014),
were not significantly different in the diaphragm of mdx-EX and mdx-SD mice. The
diaphragm, but not limb muscles, of both trained and sedentary mdx mice showed
decreased Hsp60 expression at 45 days, suggesting exhaustion of potentially protective
mechanisms in the diaphragm similar to previous findings in lung epithelium (Morici et
al., 2014).

In mdx mice, mild endurance training was associated with decreased Cx39
expression in limb skeletal muscles (Frinchi et al., 2014), and this reduction correlated
with significant muscle regeneration. The discrepancy between increased regeneration
and similar Cx39 protein levels in the diaphragm of exercised and sedentary mdx mice
could be explained by occurrence of inflammation in regenerating areas, suggesting
coexistence of regenerating fibers and necrosis process. We speculate that this
behaviour might be peculiar to the diaphragm muscle and possibly correlated to its
continuous activity. It is known that Cx39 can be detected in both necrosis and
regeneration areas. However, the similar levels of Cx39 in mdx-SD and mdx-EX mice
may indicate that mild training was not detrimental in the diaphragm muscle.

Table 1 summarizes the results of the main studies on the effects of exercise training on

skeletal muscle and diaphragm in mdx mice. The large majority of studies reported
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positive effects of exercise on limb skeletal muscles, irrespective of the training
protocol used. Table 1 also shows that the response to training in the mdx diaphragm is
poorly defined due to the low number of available studies and their mostly negative
results. On the clinical side, one study reported that inspiratory muscle training
improved respiratory muscle function in patients with early stage DMD (Wanke et al.,
1994). The only positive results in mdx mice were reported by Dupont-Versteegden and
coworkers (1994), who found improved diaphragmatic function after extensive running.
In sedentary mdx mice, morphological changes in the diaphragm were very similar to
those observed in DMD patients (Stedman et al., 1991). A prolonged increase in airway
resistance obtained by tracheal banding in mdx mice was associated with evidence of
increased fiber regeneration and unchanged progression of dystrophy compared to
control (Krupnick et al., 2003). Chronic volitional running was associated with
decreased tension of the diaphragm in mdx mice (Selsby et al., 2013). More recently,
Barbin and coworkers (2016) in swimming-trained 11-month old mice found increased
fibrosis of the diaphragm and increased activity of the fibrosis marker MMP-2.
Differently from the latter data, no evidence for diaphragmatic fibrosis was found after
6 weeks of mild running training in our mice. Indeed, expression of Cx39, increased
with age in the diaphragm of mdx mice irrespective of training, suggesting that in the
diaphragm the functional stress under sedentary conditions might be worse than in other
skeletal muscle groups and mild training could not exert adequate beneficial effects as
in limb muscles.

The expression of Hsp60, a chaperonin involved in cell and tissue homeostasis,
in limb muscles and diaphragm can provide a further insight into the mechanisms of

muscle damage in mdx mice. In wild type mice after 45 days of training, increased in

John Wiley & Sons, Inc.

Page 10 of 22



Page 11 of 22

©CoO~NOUTA,WNPE

Journal of Cellular Physiology

11

soleus muscles during endurance training (Barone et al., 2016). In airway epithelium of
mdx mice, we previously reported that Hsp60 expression initially increased (30 days),
then decreased (45 days) irrespective of training (Morici et al., 2016); the fall in Hsp60
expression at 45 days was associated with increased apoptosis of epithelial cells,
suggesting a protective role of Hsp60 in the lung. Therefore, we decided to assess the
time course of Hsp60 in skeletal muscles and diaphragm of mdx mice during training.
No difference in Hsp60 expression was found between wild type and mdx mice at any
time in either gastrocnemius or quadriceps (Fig. 2). Instead, the diaphragm showed
decreased Hsp60 expression in mdx mice at 45 days irrespective of training, with a time
course similar to our observations in airway epithelial cells (Fig. 2). We speculate that
the ability to maintain a high level of Hsp60 in gastrocnemius and quadriceps might
contribute to the positive effects of exercise training in limb muscles, while the
decreased levels found in the diaphragm might contribute to the lack of major positive
effects of mild exercise in this district. Recently, Gehrig and co-workers (2012) reported
that increased expression of Hsp72 slowed muscle damage in the diaphragm of mdx
mice by preventing inflammation and cellular stress. Hsp72 positively modulates the
sarcoplasmic reticulum Ca’’-ATPase (SERCA), a protein responsible for calcium
reuptake which showed a progressive decrease over time in the diaphragm of mdx mice
(Gehrig et al., 2012), similar to the changes we observed in Hsp60. These data suggest a
possible major role of chaperone proteins in the pathophysiology of muscle damage in
mdx mice.

In conclusion, our data indicate that after mild aerobic training little benefit is evident in

the diaphragm of mdx mice as compared to limb muscles and we speculate that the
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reduced positive effect of training in the diaphragm of mdx mice could be attributed to

high rate of muscle degeneration insufficiently counteracted by repair mechanisms.
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Figure legends

Figure 1. Diaphragm muscle sections from wild type (WT) and mdx mice stained with
haematoxylin-eosin, and related morphometric analysis. Panel A: diaphragm muscle
sections from wild type sedentary (WT-SD) and exercised (WT-EX) mice showing no
areas of necrosis or regeneration. Panel B: diaphragm muscle sections showing areas of
necrosis and regeneration (sampled high magnification areas) in mdx-sedentary (MDX-
SD) and mdx-exercised (MDX-EX) mice at 30 days of training.

Panel C: quantitative analysis of necrosis and regeneration areas in mdx mice, measured
in mm? and expressed as percentage of total mm” of muscle section area. Although the
total area of necrosis-regeneration was similar in mdx-SD and mdx-EX mice, necrosis
area was significantly reduced and regeneration area (identified by centrally nucleated
cells with large cytoplasm) was higher in the diaphragm of mdx-EX mice as compared
to mdx-SD mice.

Panels D: western blotting analysis of Cx39 protein levels in diaphragm muscle of
sedentary (0 days) and exercised (45 days) WT mice, and of sedentary and exercised
mdx mice at 0, 30 and 45 days. Cx39 protein was undetectable in the diaphragm of
sedentary and exercised WT mice, whereas was high expressed in mdx-EX and mdx-SD
mice but did not show difference between two groups. Group data reported as means =+
S.EM, * p<0.02 between sedentary and exercised mdx mice. Scale bars: low

magnification 200 pm; high magnification 50 pum.

Figure 2. Hsp60 protein levels decreased in the diaphragm muscle of mdx-SD and mdx-
EX mice. Representative western blots (A) and relative expression levels (B) of Hsp60

in quadriceps, gastrocnemius and diaphragm muscles of wild type sedentary (WT-SD),

John Wiley & Sons, Inc.

Page 16 of 22



Page 17 of 22 Journal of Cellular Physiology

17

wild type trained (WT-EX), mdx-sedentary (mdx-SD) and mdx-trained (mdx-EX) mice

at 0, 30 and 45 days. GAPDH was used as the loading control. Group data reported as

©CoO~NOUTA,WNPE

means £ SD. * significantly different (P <0.05).
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1 Training duration and type Limb muscles Diaphragm

2

2 10-13 mo, voluntary wheel running Exercise increased active tension in
- , ) e

5 mdx diaphragm by ~ 30%

6

7 Increased absolute muscle mass and twitch and

8 . tetanic tension of the mdx soleus; higher resistance

9 16 wk, voluntary wheel running . . .

10 to fatigue of the extensor digitorum longus in

11 trained mdx compared to sedentary mdx mice

12

13

14
16, 18 and 24 wk, increased work of the
l@iaphragm in vivo (tracheal banding)
17

18

Unchanged progression of dystrophy
compared to control mdx mice;
centrally nucleated fibers evident in
the diaphragms of banded mdx mice

19

20 .
> apd 10 wk, upwards running (7° slope), at
b and 23 m/min for 60 min, twice/wk
23

Accelerated myofiber regeneration and decreased
release of insulin growth factor-1 (IGF-1) in
hindlimb muscles

24
25

82gk, 30 min/day, twice/wk, low-intensity
27 endurance exercise (treadmill)

28
29

Lower levels of markers of oxidative stress in white
gastrocnemius

30
31
32
33

8 wk, voluntary wheel running

Beneficial adaptations in muscle mass, fiber size,
and fiber types in hindlimb muscles

34

1 Fi;vk, voluntary wheel running; protocol:
1) 41 resistance, b) progressively increasing

Greater grip strength (~22%) and soleus muscle
specific tetanic force (26%) in both trained groups

38 resistance compared with sedentary controls
39
22 In the quadriceps, fewer running bouts and higher

42 2 wk, voluntary wheel running
43

bout distance promoted necrosis and muscle
damage

Zl? wk, voluntary low-resistance wheel
46 running

Plantaflexors function improved
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Table 2. Acclimatization (A) and training (T) protocol in WT and mdx mice

Journal of Cellular Physiology

Week Session Rotations Distance
duration emin’!
(m)
(min)

1(A) 15 16 48
2 (A) 30 16 96
3(T) 30 20 120
4(T) 45 20 180
5(T) 60 20 240
6 (T) 60 24 288

John Wiley & Sons, Inc.
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Figure 1. Diaphragm muscle sections from wild type (WT) and mdx mice stained with haematoxylin-eosin,
and related morphometric analysis. Panel A: diaphragm muscle sections from wild type sedentary (WT-SD)
and exercised (WT-EX) mice showing no areas of necrosis or regeneration. Panel B: diaphragm muscle
sections showing areas of necrosis and regeneration (sampled high magnification areas) in mdx-sedentary
(MDX-SD) and mdx-exercised (MDX-EX) mice at 30 days of training.

Panel C: quantitative analysis of necrosis and regeneration areas in mdx mice, measured in mm2 and
expressed as percentage of total mm2 of muscle section area. Although the total area of necrosis-
regeneration was similar in mdx-SD and mdx-EX mice, necrosis area was significantly reduced and
regeneration area (identified by centrally nucleated cells with large cytoplasm) was higher in the diaphragm
of mdx-EX mice as compared to mdx-SD mice.

Panels D: western blotting analysis of Cx39 protein levels in diaphragm muscle of sedentary (0 days) and
exercised (45 days) WT mice, and of sedentary and exercised mdx mice at 0, 30 and 45 days. Cx39 protein
was undetectable in the diaphragm of sedentary and exercised WT mice, whereas was high expressed in
mdx-EX and mdx-SD mice but did not show difference between two groups. Group data reported as means
+ S.E.M, * p<0.02 between sedentary and exercised mdx mice. Scale bars: low magnification 200 micron;
high magnification 50 micron
237x228mm (300 x 300 DPI)

John Wiley & Sons, Inc.



©CoO~NOUTA,WNPE

Journal of Cellular Physiology Page 22 of 22

A . . .
Quadriceps Gastrocnemius Diaphragm
Q A S § & &
- g s&y
£ & ¥ S &8 = & owy
e - 0
Hspeo (60 ka) | | e
oo ihredn -
B " »
Day 0 2‘_ i T 2 T 2 ‘
"’ —— rapr s o
& i.e & &
Day 30 21 ’ 2 2 Tl
1 Sl m_|E
“ * *
Day45 3’ ’ ] Z.‘Q ' ’ T
& & & & ‘o,..v & y" &5 &S

Figure 2. Hsp60 protein levels decreased in the diaphragm muscle of mdx-SD and mdx-EX mice.
Representative western blots (A) and relative expression levels (B) of Hsp60 in quadriceps, gastrocnemius
and diaphragm muscles of wild type sedentary (WT-SD), wild type trained (WT-EX), mdx-sedentary (mdx-
SD) and mdx-trained (mdx-EX) mice at 0, 30 and 45 days. GAPDH was used as the loading control. Group

data reported as means £ SD. * significantly different (P < 0.05).
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